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In this work, graphene carbon sheets (BGS) were prepared from writing paper and lemon peel, and its polymer composite has a
higher surface area compared with the existing Vulcan carbon. Further, the use of lead as a promoter for the oxidation of alcohol
and CO on platinum-supported poly(amine-terminated cyclophosphazene-co-cyclophosphazene)-biobased graphene sheet
(Poly(AFCP-co-CP)-BGS) composite was demonstrated. The size, phase morphology, and distribution of metal nanoparticles
on Poly(AFCP-co-CP)-BGS composite as well as the formation of composite based catalysts were confirmed from TEM, XRD,
and FTIR studies. The catalytic activity and stability of the prepared catalysts were tested and compared to methanol, ethylene
glycol, glycerol, and CO in 0.5M KOH solution. The results conclude that the lead-doped Pt/Poly(AFCP-co-CP)-BGS catalyst
shows higher oxidation current with respect to onset potential and lower If /Ir ratio for alcohol as well as CO oxidation. In
addition, Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst was checked for direct alkaline fuel cells and proved as a potent anode
catalyst in alkaline medium for real-time fuel battery applications. In addition, Poly(AFCP-co-CP)-BGS composite also
promotes the catalytic reaction compared to Poly(AFCP-co-CP) and BGS supports as noticed from methanol oxidation in
alkaline medium. The surface area of the prepared supporting material is 750.72 m2g-1, which is higher than the activated
carbon (250.12m2g-1). So, the prepared Poly(AFCP-co-CP)-BGS composite is a potent support for metal deposition,
electrooxidation, and single stack fuel cell constructions.

1. Introduction

The increasing population, development in technology, mod-
ern culture, and sophisticated modern appliances require
large quantity of power and increase the demand of power
day by day. Almost 70 to 80% demand of power is being
fulfilled by fossil fuel. However, the depletion of fossil fuel,
scarcity, and its high cost are tempting the scientists to search
some new energy resources. In this aspect, alkaline direct
alcohol fuel cells (ADAFCs) have received much attention
as they have more advantageous properties like improved

methanol oxidation kinetics in alkaline than that of the acidic
media. Further, they have low permeability of alcohol from
anode to cathode and low-cost membranes [1, 2].

The developments of anode and cathode catalysts with
better bustle as well as with decreased poison effects are the
emerging area of research. In most of the cases, platinum
and platinum-based nanoalloys (e.g., Pt-Ru, Pt-Au, Pt-Sn,
and Pt-Pd) are frequently used as electrocatalysts in ADMFCs
because of their high activities and stabilities [3–8]. But the
high cost, scarcity, and poisonous effect of platinum catalyst
limit its usefulness in commercial applications. In order to
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decrease the platinum loading and to increase electrochemical
performance for alcohol and CO oxidation, the studies are
being performed using non-platinum-based catalysts and plat-
inum loaded with appropriate support materials [9, 10]. The
catalyst’s activity and stability of alcohol oxidation in alkaline
medium depend not only on the presence of metal nanoparti-
cles but also on the properties of support material and interac-
tions between the metal particles and support materials.
Generally, conductive polymers [11]; carbon-based materials
like graphene, carbon nanotubes, carbon fibers, and mesopo-
rous carbon [12–15]; metal sulfides [16]; and zeolites [17]
are used as catalyst supports for various applications.

The mesoporous carbon, a relatively new type of carbon-
based material has become popular as an electrocatalyst sup-
port because of its large surface area, exceptional thermal
and chemical durability, and stupendous electrical conductiv-
ity [18, 19]. Various nitrogen-doped carbon materials have
been prepared recently as supports to promote the electrocat-
alytic activities of platinum-based catalysts for alcohol oxida-
tion reactions (AOR) and oxygen reduction reaction [20–25]
to be used in the applications of fuel cells. Recently, biobased
carbons are used in various applications such as polymer com-
posites [26–28], dye degradations, electromagnetic studies [29,
30], 3D printing [31], sensors, and electrocatalysts [32, 33].
Further, preparation, morphology, and electrochemical char-
acterization of electrodeposited nanocrystalline Ni-Co [34],
Au/Pt nanoanode [35], and ultrafine PtPd bimetallic nanopar-
ticles [36] are studied for alcohol fuel cell applications. Gener-
ally, it has been found that the most frequently used methods
for the preparation of nitrogen-doped carbon-based nanoma-
terials are pyrolysis and chemical vapour deposition (CVD).
Alternatively, the nitrogen-containing pioneers like poly(in-
dole), poly(pyrrole), and poly(aniline) have also been doped
with carbon based materials via in situ polymerization proce-
dure [37–41]. Advantages like uncomplicated preparation
technique, producing more anchoring sites, and resulting
improved conductivity can be derived from this procedure.

Having these points in mind, the present work has been
initiated to prepare a composite-based hybrid supporting
material containing both phosphorous and nitrogen along
with biobased graphene carbon sheet. Moreover, lead nano-
particles have been doped on Pt/Poly(AFCP-co-CP)-BGS
material to promote the catalytic activity of alcohol and
CO oxidation in alkaline medium.

Typically, poly(amine-terminated cyclophosphazene-co-
cyclophosphazene)-biobased graphene carbon sheet (Poly(-
AFCP-co-CP)-BGS) composite was prepared through an in
situ sonochemical method. To check the performance and
promotion of catalytic activity of the prepared Poly(AFCP-
co-CP)-BG composite, platinum nanocatalyst was coated on
BGS, Poly(AFCP-co-CP), and Poly(AFCP-co-CP)-BGS. Vari-
ous analytical methods such as X-ray diffraction (XRD),
energy dispersive X-ray analysis (EDX), transmission emis-
sion spectroscopy (TEM), and Fourier Transform Infrared
Spectroscopy (FTIR) were employed to characterized the
metal nanoparticle-deposited Poly(AFCP-co-CP)-BGS com-
posite catalysts. It was concluded from the electrochemical
studies that the lead-doped Pt/Poly(AFCP-co-CP)-BG com-
posite promotes both alcohol and CO oxidation reactions.

To add further, Poly(AFCP-co-CP)-BGS composite also
promotes the alcohol oxidation when compared with
Poly(AFCP-co-CP) and BGS supports. It is suggested by
the above results that both doping of lead as second metal
and Poly(AFCP-co-CP)-BGS composite as support material
promote the catalytic activity for alcohol and CO oxidation
in fuel cell applications.

2. Materials and Methods

2.1. Materials. Hexachloroplatinic acid hexahydrate
(H2PtCl6.6H2O), lead(II)acetate trihydrate (Pb(OAc)2·3H2O),
formaldehyde, resorcinol, N,N′dimethyl sulfoxide, HCl,
H2SO4, ethanol, methanol, ethylene glycol, glycerol, sodium
hydroxide (NaOH), and triethylamine were purchased from
SRL Chemicals, India. Hexachlorocyclotriphosphazene was
purchased fromAlfa Aesar, India. All the solvents were analyt-
ical grade and used as obtained from the chemical industries.

2.2. Preparation of Biobased Graphene Carbon Sheets. Using
a modified reported procedure [42], biobased graphene
carbon sheets (BGS) were prepared. BGS was prepared via
a hydrothermal method by carbonization of waste materials
such as waste writing paper (60%) and lemon peel (30wt.%)
using 50% dilute H2SO4 (170mL) at 448K. Typically, 6gm
waste writing paper and 4 g of waste lemon peel materials
was heated at 448K with 50% dilute H2SO4 (170mL) for
24 hours in an autoclave. When the hydrothermal reaction
was completed, the autoclave was cooled and resulted prod-
uct was filtered, washed with distilled water to remove excess
acid. The washing was repeated until the filtrate became
neutral. Finally, the resulted product was redispersed in the
double distilled water and centrifuged to remove the ash
material floating on the water if formed during the hydro-
thermal process. Finally, the filtered product was dried in a
hot air oven. The dried product was ground into powder,
and the resulted fine powder was immersed in KOH solu-
tion, which was then heated at 1093K for 3 h in an inert
atmosphere. The resultant biobased graphene powder was
also washed with 20% HCl (v/v) to remove the inorganic
impurities and then washed down with distilled water until
the washed liquid became neutral pH. The biobased
graphene carbon powder was dried in an oven at 70°C.

2.3. Preparation of Amine-Terminated Cyclotriphosphazene.
The amine-terminated cyclotriphosphazene monomer was
prepared as explained in our previous report [43, 44]. For this
preparation, 4-acetamido phenol (15.65 g, 0.1035mol) and
K2CO3 (21.09g, 0.15824mol) were dispersed in dry acetone
(200mL) and effectively stirred at an ambient temperature
for 45 minutes. To this mixture, hexachlorocyclotriphospha-
zene (5 g, 0.0143mol) was added and refluxed at 60-65°C for
4 days. The product obtained as the result of the chemical
reaction was cooled naturally to room temperature and
filtered. The impure resulted sample (CPAC) was further
purified using hexane and dried at 60°C for 3h. It gave a yield
of 63.8% and m.p. 253-256°C. The reaction mixture of
hexa(acetamidophenyl)cyclotriphosphazene (9.0 g), metha-
nol (180mL), and sulfuric acid (108mL) was taken in the
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round bottom flask and refluxed for 4h at 80-85°C. Then,
the resultant reaction mixture was cooled to 25°C and then
poured in to ice-cold water. To this, aqueous ammonia
solution was added drop by drop until to reach pH = 8.
The resulted solid product was filtered, washed with water,
and dried at 60°C for 48h.

2.4. Preparation of Poly(AFCP-co-CP)-BGS Composite.
Poly(amine-terminated cyclophosphazene-co-cyclopho-
sphazene)-biobased graphene carbon sheet (Poly(AFCP-co-
CP)-BGS) composite-based support material was prepared
using the modified procedure reported elsewhere [45]. For
this copolymer-biobased graphene carbon sheet composite
preparation, 58mg of amine-terminated cyclophosphazene,
and 116mg cyclophosphazene were dissolved in 100mL of
N,N′-dimethyl sulfoxide (DMSO) solvent. With this reac-
tion mixture, 10mg of biobased graphene carbon sheet was
added and dispersed utilizing ultrasonicator for 10 minutes.
Finally, 4mL of triethylamine was added to the above reac-
tion mixture to start polymerization over graphene carbon
sheet carbon, and the reaction was continued for another
12 hours under sonication (100W, 40 kHz) at 30°C. The
final resulted product was centrifuged, and the obtained
Poly(AFCP-co-CP)-BGS composite was washed with etha-
nol followed by double distilled water and then dried at
50-60°C for 12 hours.

2.5. Preparation of Pt and Pt-Pb Nanoparticle-Deposited
Poly(AFCP-co-CP)-Biobased Graphene Carbon Sheet
Composites. Platinum-lead nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS catalyst (Pt-Pb/Poly(AFCP-co-CP)-
BGS) was prepared by the formaldehyde reduction method
[45]. For catalyst preparation, 70mg Poly(AFCP-co-CP)-
BGS composite was dispersed in 10mL distilled water using
an ultrasonic process for 30 minutes. 54mg H2PtCl6.6H2O
and 38mg Pb(OAc)2 3H2O dissolved in 40mL of distilled
water as a bimetallic catalyst precursor solution were added
to the above suspension in drop by drop method and then
pHwas adjusted to 11 with 2.5MNaOH solution. Stirring after
about 30 minutes, 4mL formaldehyde (37%) was added to the
above solution at 85°C. The reduction reaction was continued
for another five hours to dope platinum-lead nanoparticles
on Poly(AFCP-co-CP)-BGS composite through an in situ
codeposition method. The resulted Pt-Pb/Poly(AFCP-co-
CP)-BGS solid was filtered, washed with distilled water, and
then dried at 60°C for 8hrs. Similarly, the platinum nanoparti-
cles were deposited on Poly(AFCP-co-CP)-BGS composite
(30mg) by the HCHO (2mL) reduction method with 54mg
of H2PtCl6.6H2O precursor to form Pt/Poly(AFCP-co-CP)-
BGS catalyst by following same experimental procedure.
To compare the efficiency of Poly(AFCP-co-CP)-BGS com-
posite, the platinum nanoparticles were also deposited on
Poly(AFCP-co-CP), biobased graphene carbon sheet (BGS)
by following same experimental condition.

2.6. Fabrication of Working Electrodes. For the fabrication of
working electrode, 5mg of Pt-Pb/Poly(AFCP-co-CP)-BGS
catalyst was dispersed in a mixture of 100μL of 0.05% of
Nafion solution and isopropanol (1 : 1) solution. A measured

volume of 25μL of this suspension was dropped on the top
surface of the graphite electrode by using micropipette.
The modified electrodes were used as working electrode for
the electrooxidation of alcohol in alkaline medium. Simi-
larly, the other catalysts Pt/Poly(AFCP-co-CP)-BGS, Pt/
Poly(AFCP-co-CP), and Pt/BGS were also prepared by fol-
lowing the same procedure.

2.7. Characterization Techniques. To record the FT-IR spectra
of the prepared samples, Perkin Elmer 6X FT-IR spectrometer
was used. About 100mg of optical grade KBr was grounded
with sufficient quantity of the sample for making KBr pellets.
Wide-angle X-ray spectra of the prepared samples were
obtained using a Rich Seifert (Model 3000) diffractometer with
CuKĮ radiation (θ = 0:15418nm), and the spectra were
recorded from 0° to 80° at 2θ value. To characterize the size
and phase morphology of the prepared catalyst, the
AJEOLJEM-3010 analytical transmission electron microscope
was used, which was operated at 300 kV with a measured
point-to-point resolution of 0.23nm. The HRTEM samples
were prepared by dispersing the prepared catalyst in ethanol
mounted on carbon coated copper grids and dried for 24h
at 25°C. A standard three-electrode glass cell equipped with
prepared catalyst coated on graphite electrode was considered
working, saturated calomel electrode was taken as reference,
and platinum wire was used as counter electrode for the pres-
ent investigation. Further, the electrocatalytic activity of alco-
hol oxidation was investigated in 0.5M KOH and 0.5M
alcohol solution with a potential window of -1.0 to 0.3V.

3. Results and Discussions

3.1. Fourier Transform Infrared Analysis of Poly(AFCP-co-
CP) and Poly(AFCP-co-CP)-BGS Composite. Figure 1 shows
the FT-IR spectra of Poly(AFCP-co-CP) and Poly(AFCP-
co-CP)-BGS composite. The two bands observed at 3438
and 3338 cm-1 are corresponding to -NH stretching vibra-
tions; in fact, they also ascertain the presence of AFCP mate-
rial in Poly(AFCP-co-CP) copolymer (Figure 1). The peak
noticed at 3043 cm-1 is assigned to ring C-H stretching
vibration. The aromatic C-C stretching vibrations appear
at 1507 and 1621 cm-1. The typical stretching vibrations of
P-O-Ph, P-N-P, and P-O-C appear at 1256, 1178, and
952 cm-1, respectively. The aromatic C-H bending vibrations
are visualized at 832 and 695 cm-1.

Peaks with similar patterns are noticed for poly(amine-
terminated cyclophosphazene-co-cyclophosphazene)-gra-
phene carbon sheet composite. Further, it is noticed with a
small shift in the wave number, which is due to the coating
behavior of poly(amine-terminated cyclophosphazene-co-
cyclophosphazene) copolymer on a biobased graphene car-
bon sheet.

3.2. BET Surface Analysis of the Prepared Poly(AFCP-co-CP)-
BGS Supporting Materials. The surface area of biobased
graphene carbon sheet-conductive copolymer (Poly(AFCP-
co-CP)-BGS) was analyzed using the BET method. Figure 2
shows the N2 adsorption-desorption measurements of the
newly prepared biobased graphene carbon sheet-conductive
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copolymer composite. The adsorption-desorption curve in
Figure 2 reveals a linear increase at low P/P0 below 0.4. A hys-
teresis loop between P/Po = 0:5-0.9 is observed, which indi-
cates the presence of graphene carbon sheet. The specific
surface area of the BGS is determined to be 750.72m2 g-1 with
a total pore volume of 0.318 cm3 g-1 and an average pore diam-
eter of 6.6592nm.

According to a previous report [42], the specific surface
area of Vulcan carbon black was determined to be
250.12m2 g-1 with a total pore volume of 2.31 cm3 g-1. The
Poly(AFCP-co-CP)-BGS composite surface area was about
three times larger that of the Vulcan carbon black. The high
surface area determined by the BET method is correlated
with improved catalytic activity. Therefore, the present study
predicts that the catalytic activity of biobased Poly(AFCP-
co-CP)-BGS composite should be superior to that of the
Vulcan carbon blacks.

3.3. X-Ray Diffraction Analysis. XRD pattern of platinum
nanoparticle-deposited Poly(AFCP-co-CP)-BGS composite
shows three diffraction peaks at 2θ values of 39.25°, 45.25°,
and 66.84° (Figure 3), which are matching to (111), (200),
and (220) faces of the fcc platinum. The same type of pattern
is noticed for Pt-Pb bimetallic nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS composite with the miniature shift to
lower 2θ values with respect to Pt/Poly(AFCP-co-CP)-BGS
composite. This is the atomic level displacement formation
of bimetal Pt-Pb catalyst, and no other diffraction peaks that
correspond to lead oxide/hydroxide are observed. Thus,
XRD results obviously demonstrate that Pt-Pb nanoparticles
are bimetallic and displacement in the crystalline structure is
in the atomic level [43, 44].

3.4. Transmission Electron Microscope Analysis. TEM images
of the platinum and platinum-lead nanoparticle-doped
Poly(AFCP-co-CP)-BGS composites are shown in Figure 4.
The prepared metal (Pt and Pt-Pb) nanoparticles have been

well deposited as black dots on Poly(AFCP-co-CP)-BGS com-
posite sheet without any aggregations. The presence of these
homogeneously distributed nitrogen species on the surfaces
of Poly(AFCP-co-CP)-BGS composite sheet could effectively
provide good anchoring sites for the deposition of metal nano-
particles during the reduction process of their respective pre-
cursor metal salts, which favors small metal (Pt and Pt-Pb)
nanoparticle formation with enhanced active surface area.

3.5. Cyclic Voltammetry Analysis. Cyclic voltammograms
of platinum and platinum-lead nanoparticle-deposited
Poly(AFCP-co-CP)-BGS electrodes have been carried out
in 0.5M KOH, 0:5MKOH + 0:5M methanol, 0:5MKOH
+ 0:5M ethylene glycol, and 0:5MKOH + 0:5 glycerol
solution at 50mVs-1 (Figure 5).

From Figure 5(a), no change in the electroactive sur-
face area of both Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/
Poly(AFCP-co-CP)-BGS catalysts is noticed and they are
nearly the same. Before entering into the detailed studies,
it is essential to prove that Poly(AFCP-co-CP)-BGS sup-
port is better than the other support Poly(AFCP-co-CP)
and BGS. To check the performances of the prepared
Poly(AFCP-co-CP)-BGS support, platinum nanoparticle-
deposited Poly(AFCP-co-CP)-BGS, Poly(AFCP-co-CP),
and BGS catalysts have been subjected to the electrooxida-
tion of methanol in alkaline medium.

Figure 5(b) shows the cyclic voltammograms of methanol
in alkaline medium on platinum-deposited Poly(AFCP-co-
CP)-BGS, Poly(AFCP-co-CP) and BGS catalysts. From
Figure 5(b), it is found that the methanol oxidation peak cur-
rent of Pt/Poly(AFCP-co-CP)-BGS catalyst is higher than that
of the Pt/Poly(AFCP-co-CP) and Pt/BGS (Table 1). In addi-
tion, the Pt/Poly(AFCP-co-CP)-BGS exhibits lower onset
potential than the Pt/Poly(AFCP-co-CP) and Pt/BGS cata-
lysts. It has been concluded from this result that the Poly(-
AFCP-co-CP)-BGS is a potent support than the Poly(AFCP-
co-CP) and BGS. It is because of the integrated properties
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Figure 1: FTIR spectra of Poly(AFCP-co-CP) copolymer and Poly(AFCP-co-CP)-BGS composite.
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resulted from noncovalent interaction between the BGS and
Poly(AFCP-co-CP) in Poly(AFCP-co-CP)-BGS composite
and the multifunctional groups (-NH, -O, and -P) present
on Poly(AFCP-co-CP)-BGS acts as a better anchoring site
for the uniform distribution of metal nanoparticles.

To promote the catalytic activity and to decrease the
onset potential, the second metal lead (Pb) is added with
Pt/Poly(AFCP-co-CP)-BGS catalyst. Hence, the prepared
bimetal Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst is analyzed
for electrooxidation of methanol (Figure 5(b)). It has been
noticed from the cyclic voltammetry results of lead
particle-doped Pt/Poly(AFCP-co-CP)-BGS catalyst that
both improved oxidation peak current and reduced onset
potential values exist. The current density and onset poten-
tial of the prepared catalysts are given in Table 1. The
improved performance of Pt-Pb/Poly(AFCP-co-PC)-BGS

catalyst is because of the bifunctional mechanism of metal
catalyst, electronic effect, and competitive adsorption of
OH- on lead nanoparticles surface. Further, Pb-OH is easily
available near Pt-COads/Pt-OOCH rather than Pt-OH,
which can oxidize CO poison, HCOO-, etc., at lower poten-
tial range or level and results in more platinum free active
surface for further adsorption of alcohol and oxidation.

So, this work has been extended to the electrooxidation
of ethylene glycol and glycerol in an alkaline medium on
the prepared Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/Poly(-
AFCP-co-CP)-BGS catalysts (Figures 5(c) and 5(d)). The
electrochemical results confirm that Pt-Pb/Poly(AFCP-co-
CP)-BGS catalyst exhibits higher oxidation current and
lower onset potential for both ethylene glycol and glycerol
in alkaline medium compared to Pt/Poly(AFCP-co-CP)-
BGS catalyst (Table 1). Moreover, the oxidation current
observed for ethylene glycol is higher than that of the oxida-
tion current of methanol and glycerol. From the cyclic
voltammetry analysis results, it has been concluded that
the prepared Poly(AFCP-co-CP)-BGS composite is a good
supporting material for metal catalysts.

In addition, the prepared Pt-Pb/Poly(AFCP-co-CP)-BGS
catalyst shows better oxidation current for all the alcohols
like methanol, ethylene glycol and glycerol, which may be
due to the (i) electronic effect, (ii) interaction between metal
nanoparticles and Poly(AFCP-co-CP)-BGS composite, (iii)
ligand effect, (iv) low onset potential, (v) structural change
of platinum in Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst, and
(vi) synergic interaction between the metal particles (Pt
and Pb) [46]. Table 2 gives the comparative information of
catalytic activity of the prepared catalysts and the literature
reports, which highlights the novelty and superiority of the
prepared composite electrodes.

3.5.1. Mechanism. Hand in hand with the previous literature
reports, the enhancement due to the bimetallic system can
be explained based on the byproduct formed during the
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electrooxidation of alcohols. According to previous reports
[54–56], the formic acid is the major by-product formed
during the electrooxidation of methanol, ethylene glycol,
and glycerol (Scheme 1).

The obtained formic acid and CO during the electrooxida-
tion ofmethanol, ethylene glycol and glycerol on the surface of
the metal nanoparticles can further undergo oxidation in the
presence of oxygen rich species such as Pt-OH or Pb-OH as

50μm

(a)

50μm

(b)

Figure 4: HRTEM images of (a) Pt/Poly(AFCP-co-CP)-BGS and (b) Pt-Pb/Poly(AFCP-co-CP)-BGS composites.
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given in the following equations (equations (1)–(4)), in accor-
dance with the previous report [49]:

HCOO − Pt ⟶Pt−OHCO2 + H2O ð1Þ

HCOO − Pt ⟶
Pt/Pb−OH

CO2 + H2O + 2e− ð2Þ

Pt + OH− ⟶ Pt −OHads ⟶
Pt−CO 2 Pt + H2O + CO2 ð3Þ

Pb + OH− ⟶ Pb −OHads ⟶
Pt−CO Pb + Pt + H2O + CO2

ð4Þ
Here, the rate of oxidation is higher than in the case of

bimetallic system (equations (2) and (4)) compared with
monometallic system (equations (1) and (2)). This might be
due to the easy formation of Pb-OH at lower potential and
reduction of competition OH- on platinum surface as in the
case of bimetallic system. These two processes are expected
to enhance the availability of oxygen near to a Pt-CO/Pt-
OOCH species and make more number of free active surface
area of platinum nanoparticles that are essential for adsorp-
tion and oxidation of further alcohol molecules [53].

3.6. Effect of Scan Rates. The diffusion property of alcohol
and OH-1 ions during the electrooxidation process was
checked for Pt- and Pt-Pb-deposited Poly(AFCP-co-CP)-
BGS catalysts (Figure 6). From Figure 6, it has been visual-
ized that the anodic oxidation current increases with the
increase in the scan rates without changing the onset poten-
tial. The insert image in Figure 6 shows a linear relationship
for anodic oxidation current obtained from forward CV

scans with respect to the square root of different sweep rate,
which means that the rate of electrooxidation of methanol,
ethylene glycol, and glycerol on Pt/Poly(AFCP-co-CP)-BGS
and Pt-Pb/Poly(AFCP-co-CP)-BGS catalysts are controlled
by a diffusion process [56].

3.7. Chronoamperometric Analysis. In addition to the above
electrochemical analysis, chronoamperometric analysis has
also been carried out to test the electrocatalytic activity and
stability of Pt and Pt-Pb nanoparticle-deposited Poly(-
AFCP-co-CP)-BGS catalysts (Figure 7). From chronoam-
perometric results, it has been noticed that the steady-state
oxidation currents have been observed within a few seconds
for methanol, ethylene glycol, and glycerol in alkaline
medium on both the electrodes. These results indicate that
the metal nanoparticle-deposited Poly(AFCP-co-CP)-BGS
composite shows good catalytic performance and stability,
which are due to the uniform distribution of metal nanopar-
ticles and chemical interaction between metal nanoparticles
and Poly(AFCP-co-CP)-BGS composite.

3.8. CO Oxidation on Pt-Pb/Poly(AFCP-co-CP)-BGS and Pt/
Poly(AFCP-co-CP)-BGS Catalysts. Further, CO oxidation
has also been carried out in alkaline solution, which can be
used to check the catalytic activity and CO resistance abilities
of the prepared lead nanoparticle-doped Pt/Poly(AFCP-co-
CP)-BGS catalyst at room temperature [57–60]. Figure 8
shows the CO electrooxidation on Pt-Pb/Poly(AFCP-co-
CP)-BGS and Pt/Poly(AFCP-co-CP)-BGS catalysts. The lead
nanoparticles doped Pt/Poly(AFCP-co-CP)-BGS catalyst
shows enhanced CO electrooxidation current along with con-
densed onset potential than that of the Pt/Poly(AFCP-co-CP)-
BGS catalyst. This observation substantiates that Pt-Pb/

Table 1: Oxidation peak current and onset potential of alcohol on various catalysts.

Catalysts
Methanol Ethylene glycol Glycerol

Current
(mAmg-1)

Onset potential
(V)

Current
(mAmg-1)

Onset potential
(V)

Current
(mAmg-1)

Onset potential
(V)

Pt/BGS 6.58 -0.49 — — — —

Pt/Poly(AFCP-co-CP) 8.62 -0.54 — — — —

Pt/Poly(AFCP-co-CP)-BGS 15.14 -0.62 17.08 -0.83 14.63 -0.90

Pt-Pb/Poly(AFCP-co-CP)-BGS 36.72 -0.80 38.80 -0.95 30.83 -0.92

Table 2: Comparative studies of the present catalysts with the previous reports, which are carried out under similar experimental conditions.

S. no. Catalysts Current density (mA/cm2) Reference

1. Pt/3D graphene 1.6 [47]

2. Pt/PDDA/graphene 2.53 [48]

3. Pt/3D graphene 2.5 [49]

4. Pt/PDDA/GO 3.82 [50]

5. Pt/CNT/graphene 11.1 [51]

6. PtFe/graphene 3.55 [52]

7. PtSn/graphene 16.21 [53]

8. Pt/Poly(AFCP-co-CP)-BGS 15.14 Present work

9. Pt-Pb/Poly(AFCP-co-CP)-BGS 36.72 Present work
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Poly(AFCP-co-CP)-BGS catalyst has more ‘CO’ tolerance.
This result of carbon monoxide oxidation in alkaline medium
also validate that the high catalytic activity and reduced poi-
sonous effect of the Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst
compared to the Pt/Poly(AFCP-co-CP)-BGS catalyst.

3.9. Long-Term Stability and Storage Properties of the
Prepared Catalysts. For the practical point of view, long-
term stability of the prepared electrode materials is very
important. The long-term stability of the prepared Pt/Poly(-
AFCP-co-CP)-BGS and Pt-Pb/Poly(AFCP-co-CP)-BGS
electrodes was examined in 0.5M Methanol and 0.5M
NaOH solution (Figure 9) at a scan rate of 50 eV/s. It was
observed that the oxidation peak current remains constant
with the increase of the scan number at the initial stage. In
the case of Pt/Poly(AFCP-co-CP)-BGS catalyst, the oxida-
tion peak current starts decreasing (very small) after 100
numbers of scans.

The peak current density of the 500th scan is about
98.2% for Pt/Poly(AFCP-co-CP)-BGS catalyst than that of
the first scan. In general, the small loss of the catalytic activ-
ity after successive number of scans may result from the con-

sumption of methanol during the CV scan. It also may be
due to poisoning effect and the structure change of the plat-
inum nanoparticles as a consequence of the perturbation of
the potentials during the scanning in aqueous solutions, par-
ticularly in the existence of methanol or any other organic
fuel compounds [45, 61, 62]. Another characteristic might
be due to the dispersion process happening between the sur-
face of the electrode and the bulk solution.

With magnification of scan number, methanol dissemi-
nates gradually from the bulk solution to the surface of the
electrode materials. In Pt-Pb/Poly(AFCP-co-CP)-BGS elec-
trode, a sufficient enhancement was noticed, and the oxida-
tion peak current decreased (very small) only after 250
numbers of scans. In Pt/Poly(AFCP-co-CP)-BGS, still, the
electrode gets accumulated by COads poison, and hence,
the anodic oxidation current decreases after the 100th scan
itself showing a less stability. After the long-term electro-
catalytic oxidation experiments, the Pt-Pb/Poly(AFCP-co-
CP)-BGS and Pt/Poly(AFCP-co-CP)-BGS electrodes were
stored in double distilled water for a week and electrooxida-
tion of methanol was carried out. The excellent catalytic
activities for the alcohol oxidations are still observed, which
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Scheme 1: Proposed mechanism for the cleavage of (a) methanol, (b) ethylene glycol, and (c) glycerol during the electrooxidation on the
catalyst surface.
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Figure 6: Effect of scan rate on Pt- and Pt-Pb-deposited Poly(AFCP-co-CP)-BGS catalysts for (i) 0.5M methanol (a, b), (ii) 0.5M ethylene
glycol (c, d), and (iii) 0.5M glycerol (e, f) in 0.5M KOH solution. The inset graphs show the dependence of the anodic oxidation current
with respect to the square root of scan rates.
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indicate that the Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/
Poly(AFCP-co-CP)-BGS composites prepared in the pres-
ent experiment have good long-term stability and storage
properties.

3.10. Direct Alkaline Alcohol Fuel Cell Studies. The single
stack direct alkaline alcohol test fuel cell has been con-
structed to find out polarization and power density curve
using Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst as an anode in

accordance with our previous report [61]. According to our
previous studies [45, 61–63], polarization and power density
have been measured at an optimum fuel concentration of
2.0M in 1.0M NaOH and at an optimum temperature of
70°C and their results are shown in Figure 10. The experimen-
tal results concluded that the direct alkaline ethylene glycol
fuel cell has showed the maximum power density of
190mWcm-2 at 70°C compared to methanol and glycerol,
which has good agreement with cyclic voltammetric results.
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Figure 8: The electrooxidation of CO on the newly prepared Pt/Poly(AFCP-co-CP)-BGS and Pt-Pb/Poly(AFCP-co-CP)-BGS catalysts.
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Hence, the prepared Pt-Pb/Poly(AFCP-co-CP)-BGS catalyst
can be used to construct the alkaline alcohol fuel battery for
commercial real-time practical applications.

4. Conclusion

Platinum-lead bimetallic nanoparticles have been loaded on
Poly(AFCP-co-CP)-BGS composite through codeposition
method to promote both electrooxidation of alcohol and CO
oxidation, which are essential processes for fuel cell applica-
tions. Various characterizations have been carried out to
determine the catalytic activity, particle size, shape, uniform
distribution, and dispersion over the catalyst support. Pt-Pb/
Poly(AFCP-co-CP)-BGS catalyst has shown enhanced oxida-
tion current and lower onset potential for methanol, ethylene
glycol, and glycerol oxidation in alkaline medium compared to
Pt/Poly(AFCP-co-CP)-BGS catalyst. Moreover, Pt/Poly(-
AFCP-co-CP)-BGS catalyst exhibits higher oxidation current
for methanol compared with Pt/Poly(AFCP-co-CP) and Pt/
BGS catalyst. It has been concluded from these results that
the prepared Poly(AFCP-co-CP)-BGS support has been iden-
tified as a promising potent for electrocatalyst. Further, lead
nanoparticle-deposited Pt/Poly(AFCP-co-CP)-BGS catalyst
has been shown to improve CO oxidation and lower onset
potential compared to Pt/Poly(AFCP-co-CP)-BGS catalyst.
Hence, the above studies conclude that not only the Poly(-
AFCP-co-CP)-BGS supporting material, but the introduction
of lead also shows significant oxidation current for both alco-
hol and CO oxidation at a lower onset potential itself and thus
reduces more CO catalytic poison effect.
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